Three-dimensional analyses are reported of slip on a long vertical strike-slip fault between steadily driven elastic crustal blocks. A rate-and state-dependent friction law governs motion on the fault; the law includes a characteristic slip distance L for evolution of surface state and slip weakening. Because temperature and normal stress vary with depth, frictional constitutive properties (velocity weakening/ strengthening) do also. Those properties are taken either as uniform along-strike at every depth or as perturbed modestly from uniformity. The governing equations of quasi-static elasticity and frictional slip are solved on a computational grid of cells as a discrete numerical system, and a viscous radiation damping term is included to approximately represent inertial control of slip rates during earthquakelike instabilities. The numerical results show richly complex slip, with a spectrum of event sizes, when solved for a grid with oversized cells, that is, with cell size h that is too large to validly represent the underlying continuous system of equations. However, in every case for which it has been feasible to do the computations (moderately large L only), that spatio-temporally complex slip disappears in favor of simple limit cycles of periodically repeated large earthquakes with reduction of cell size h. Further study will be necessary to determine whether a similar trhnsition occurs when the elastodynamics of rupture propagation is treated more exactly, rather than in the radiation damping approximation. The transition from complex to ordered fault response occurs as h is reduced below a theoretically derived nucleation size h* which scales with L but is 2 x 104 to 105 larger in cases considered. Cells larger than h* can fail independently of one another, whereas those much smaller than h* cannot slip unstably alone and can do so only as part of a cooperating group of cells. The results contradict an emergent view that spatio-temporal complexity is a generic feature of mechanical fault models. Such generic complexity does apparently result from models which are inherently discrete in the sense of having no well-defined continuum limit as h diminishes. Those models form a different class of dynamical systems from models like the present one that do have a continuum limit. Strongly oversized cells cause the model developed here to mimic an inherently discrete system. It is suggested that oversized cells, capable of failing independently of one another, may crudely represent geometrically disordered fault zones, with quasi-independent fault segments that join one another at kinks or jogs. Such geometric disorder, at scales larger than h*, may force a system with a well-defined continuum limit to mimic an inherently discrete system and show spatio-temporally complex slip at those larger scales.
INTRODUCTION
Slip histories /5(x, z, t) over repeated earthquake cycles are reported for a model with laboratory-based rate-and state-dependent friction along a long vertical strike-slip fault in an elastic half-space (Figure 1 ). The fault is driven by imposing slip at a uniform rate, equal to the long-term plate velocity Vplate, along the downward continuation of the fault plane into the half-space, i.e., on -• < z < -Zdept h. Solutions for/5(x, z, t) are determined over --Zdept h < Z < 0 and are restricted to be periodic in x over an imposed period Xlength. Because temperature and normal stress vary with depth, frictional constitutive properties do also. The calculations are based on constitutive data for velocity weakening or strengthening as a function of temperature in granite under hydrothermal conditions [Blanpied et al., 1991] and consider the possibility of either hydrostatic or elevated pore pressure conditions. Constitutive properties are taken either as uniform along-strike at every depth or perturbed modestly from uniformity to promote any latent instabilities.
The stress history ,r(x, z, t) on the fault should be related to the slip history/i(x, z, t) there in a manner determined by solving the equations of continuum elastodynamics in the quarter spaces which adjoin along the fault. Given the interest here in the character of repeated earthquake re-of the motivation for using the radiation damping procedure here was to check if the lack of aperiodic solutions found by Tse and Rice could be due to that crack procedure for modeling the instability event.)
In contrast, Horowitz and Ruina [1989] used similar friction laws to those of Tse and Rice [ 1986] and analyzed sliding between two plates, of finite depth, and of finite width Yo in the y direction, but infinite in x with slip repeated periodically along strike. They drove the system by imposing a uniform fault-parallel displacement rate between the borders at y = _+ Yo, assumed completely uniform friction properties over the fault surface, and analyzed the model as a twodimensional elastic problem in the x-y plane, so that slip could vary with distance along strike only, & = &(x, t). They showed that spatio-temporally complex slip response, while not a generic feature, could result in certain parameter ranges near those of neutral stability for the friction law. They also limited slip velocity runaways with a viscous term. Thus a first motivation for the present work was to see if the Tse-Rice limit cycle solutions would give way to something more complex if slip was allowed to vary along strike as well as with depth, & = &(x, z, t), in a system with properties, at each depth, that are uniform or nearly so along strike (but still depth variable because temperature and normal stress vary with depth).
Numerical procedures in the Tse and Rice [1986] and Horowitz and Ruina [1989] studies were devised so that the results had essentially no dependence on such features as the size of cells in a computational grid (Figure 1) or the shortest period considered in a spectral (Fourier series) representation of slip. By choosing such quantities small enough, the solution to the discrete system of numerical equations essentially converged upon the proper continuum limit describing the mathematical model. The same is attempted here in the solutions to be presented. Nevertheless, it seems also useful to focus on the dependence of results, especially for complexity of slip, on cell size since this opens new insights on what may be called "inherently discrete" fault models, by which is meant discrete fault models that have no well-defined continuum limit.
Indeed, the rate-and state-dependent formulation of friction involves a characteristic slip distance L (Figure 2 ). This is a measure of the distance of sliding necessary for the surface to evolve to a new state, i.e., to a new population of contacting asperities, and can also be interpreted as a sliding distance over which slip weakening takes place. (More accurate descriptions may involve two or more such characteristic distances [Ruina, 1983; Gu et al., 1984] Narkounskaia et al., 1992] with stochastic or uniform deterministic increase in stress on an array of identical cells, or spring-loaded sliding blocks, and with shedding of load to the four nearest-neighbor cells or blocks whenever one fails. These models, which essentially incorporate a simple discontinuous drop from a static to a kinetic friction strength, with quasi-static determination of the state after any one cell or block fails, show complex failure sequences described as "self-organized criticality." The frequency of failures involving N cells is found empirically to be an inverse power of N (for N >> 1 but N small compared to overall system size), suggestive of a Gutenberg-Richter frequencymagnitude relationship. Other fault models, with discrete fault patches following static/kinetic friction, and with stress interactions between them calculated by quasi-static elasticity theory, have also shown complex failure sequences [Rundle and Kanarnori, 1987; Rundle, 1988a it has not been generally acknowledged that the dynamical solution for rupture along a chain of lumped masses, or a string of concentrated mass in the continuous limit, bears a presently uncertain relation to dynamical solutions for rupture along a fault embedded in a surrounding elastic continuum. For example, the response of B-K models to an instantaneous change in stress r along the rupture is an instantaneous change in the acceleration 0 2 ti/Ot 2, but there is no instantaneous change in Oti/Ot. By contrast, the response of continuum models is, instead, an instantaneous change in Oti/Ot (a feature properly modeled by the radiation damping term adopted here). Also, since there is no analogue to energy radiation as seismic waves in the normal implementation of the B-K models (an exception is the recent work of Knopoff et al. [1992] ), all potential energy lost to the system during a rupture is fully accountable as frictional work; the same is not true for rupture in a continuum. Related to that point, the B-K model and similar lumped-mass dynamic fault models [e.g., Rice and Tse, 1986 ] produce large dynamic overshoot of the final slip after rupture, of order 100% greater than the static slip that would correspond to the stress drop during rupture, and thus leave final stress on any failed block well below that prevailing during unstable sliding. Dynamic overshoot is still not well characterized for rupture in a continuum [Madariaga and Cochard, 1992] zone and hence do not have the feature that sufficiently large ruptures, growing two dimensionally over a smooth fault plane, will tend to be unstoppable until reaching system boundaries (ruptures that grow large enough two dimensionally to traverse the brittle zone and then spread one dimensionally along strike, in a model like in Figure 1 , do have a stress concentration at their tip which becomes asymptotically independent of rupture area). This feature makes it easier for local heterogeneities of stress to stop ruptures, and those heterogeneities of stress are yet further amplified by the large overshoots in the dynamical B-K models, thus promoting a spectrum of event sizes.
What is focused more on here, however, is that those cellular automata and Burridge-Knopoff models as so far reported are what may be called "inherently discrete" models, in that their simplified friction laws, specifically of a kind that do not include a characteristic slip weakening or state evolution distance L, endow them with the property of not having a well-defined continuum limit as the spacing of the discrete elements is shrunk towards zero. Since L = 0 in those models, h* = 0 and thus there is no finite characteristic size for the discrete elements to shrink below to pass towards such a limit. Figure 1 , do show richly complex slip when the calculations are done with oversized cells, i.e., of size h that is too large (compared to h*) to provide an acceptable discretization. Spatio-temporal complexity seems to be generic prediction in that range. Nevertheless, in all cases that have thus far been amenable to study (necessarily with larger L than desirable, for reasons of computational tractability), it has been found that spatio-temporal complexity disappears in favor of simple cycles of repeated large earthquakes when cell size of the numerical grid is reduced reasonably below h*, i.e., to the range which provides an acceptable discretization of the underlying continuous mathematical model. Thus an emergent view in this field, that spatio-temporally complex slip is a generic feature of mechanical fault models, is contradicted by the present results.
To put a positive interpretation on a seeming defect, however, it may be argued that the oversized cells of an inadequately refined grid might possibly provide a crude first model of a geometrically complex fault zone. Such cells, capable of failing independently of their neighbors, could represent individual fault segments that are poorly connected to adjacent segments, due to bends or offsets, and that can therefore fail independently of one another. Thus a conjecture having consistency with the results found here, but yet to be tested by more rigorous elastodynamic analysis, is as follows: The observed spatio-temporally complex slip in the earthquake process should not be regarded as emerging, at least generically, from nonlinear dynamics acting over an essentially smooth fault plane but rather as emerging as a consequence of geometric disorder of fault zones. That is, natural faults must have characteristic slipweakening distances L associated with them, since such are seen in laboratory studies of friction and faulting. But the influence of geometric disorder over scales in excess of the associated h* causes their large scale dynamics to mimic that of inherently discrete systems, for which spatiotemporal complexity over at least some range of small events seems to be a generic response. This conjecture is based on what could be regarded as artifacts of inadequate numerical discretizations and on calculations over the very limited range of L that is computationally accessible with present algorithms. Nevertheless, it serves to identify a critical open problem of understanding how slip-weakening frictional behavior interacts with fault zone geometric heterogeneity to produce complex earthquake slip. 1. In terms of the stress and displacement fields, rr,• and u,(a, 13 = x, y, z), created in the solid, r(x, z, t) = rryx(X, 0, z, t) and $(x, z, t) = Ux(X, 0+, z, t) -Ux(X, 0-, z, t).
2. The stiffness kernel k(x -x', z, z') in the integral is calculated, in discretized form, as the set of stresses at cell centers in Figure 1 The most common rate-and state-dependent friction law of the class introduced by Dieterich [1981] and Ruina [1983] is used and can be written , or by p = max (hydrostatic, rr nconst). The latter incorporates elevated pore pressure concepts [Rice, 1992] in which dp/dz approaches drrn/dz with increase of depth, as a consequence of slow upward fluid permeation in a fault with permeability that diminishes rapidly with increase of rr n -p; see Figure 4 , which illustrates this type of pressure distribution for p offset by 1000 bars (100 MPa) from rr n at depth. 4. The slip weakening, or state transition, slip distance L is in the 0.01-to 0.1-mm range in data involving small slips on laboratory-prepared fault surfaces that are smooth at wavelengths above a mm or so [Dieterich, 1981; Biegel et al., 1989] . Slip weakening distances that are typically in the range 0.1-0.3 mm occur in fault formation in initially intact laboratory triaxial specimens of granite [Rice, 1980; Wong, 1982] . It is currently a computational necessity to make L larger, above 2 mm in the 2-D modeling and above 10 mm in the 3-D modeling, to accurately solve equations with suitably refined grid sizes to reach the continuum limit. Larger L values may also be partially justified to approximately accommodate scaling to broad scale fault roughness (Scholz [1988] To estimate a critical cell size h*, above which cells are capable of failing independently of one another, note that a critical spring stiffness for a single-degree-of-freedom system following the friction law adopted is kcrit = (B -A)/L; here k is the reduction in shear stress for unit slip on the sliding surface due to elastic interactions with the surroundings. This was shown by Ruina [1983] and Rice and Ruina [1983] to be the critical stiffness according to linear stability theory for a simple spring-slider system, in that perturbations from steady state slip in a system with steady state velocity weakening (B -A > 0) will grow in time only at lesser spring stiffness. Nonlinear stability studies based on that law [Gu et al., 1984] show that for k above kcrit instability can result only if the system is finitely disturbed (e.g., by a sudden change in stress or loading rate), with the amplitude of the disturbance in loading rate that is required for instability growing exponentially with k/kcrit. Thus, to assure that 
SOME RESULTS

Two-Dimensional Cases t5 = tS( z, t)
As in the work by Tse and Rice [1986] , in every model studied so far with adequate reduction of cell size, a simple limit cycle solution of periodic large earthquakes occurs. Figure 7 shows, as a function of time, the logarithm of the slip rate in whichever is the fastest slipping cell at the time of a sample taken every 0.01 year (the fastest slip rates tend not to show since they form spikes narrower than 0.01 year). These results are typical for 2-D cases in showing how the spatio-temporally complex slip predicted for oversized cells gives way to simple limit cycles with reduction of cell size to ranges corresponding to approach to the continuum limit. The many spikes in the top panel of Figure 7 , and the ragged accumulated slip profiles in the top panel of Figure 6 , correspond to a complex failure mode with many small instabilities in a large earthquake cycle and aperiodic occurrence of the large events. These features all disappear with grid reduction and thus are artifacts of an inadequate numerical scheme. Possibly, they may also hint at the way that geometric disorder controls the dynamics of fault zones.
Comparing Figure 5 to the bottom panel of Figure 6 , the results show how precursory slip effects that appear in In order to rapidly bring to evidence any tendencies for instability in the 3-D modeling, the constitutive properties a and a -b were perturbed as follows. Starting with these variables as a function of depth as in Figure 3 at the right, the value at each depth was reduced by 10% in the first 60 km along strike, left unaltered over the next 120 km, and reduced by 5% over the final 60 km of a 240-km period. Comparing successively (in Figures 11, 12 , and 13) both the profiles of thickness-averaged slip and the maximum slip velocity records, it is seen clearly that spatio-temporal complexity disappears with grid refinement. Further, its disappearance is again comprehensible in terms of the different cell sizes h involved when compared to h*.
In order to document the transition from complexity to limit cycle behavior with feasible problem sizes, the previous 3-D examples involved only slightly oversized cells, with h/h* = 1.9 or 1.5. Figure 14 less, in every case for which it has been computationally feasible to explore the issue, the following is found: While the results of the computations with oversized cells (h > h*) show richly complex slip, with a spectrum of event sizes, that complexity disappears in favor of simple limit cycles of repeated large earthquakes as the cell size is diminished, relative to h*, so as to properly solve the underlying continuous equations. This is documented by the comparisons made in Figures 5-14 , where the effect of reduction in cell size is to cause a transition from spatio-temporally complex slip to simple limit cycles; the response can always be understood in terms of the ratio h/h*, as given with each figure. Large h/h* compared to unity leads to disordered slip, small h/h* leads to ordered slip.
These results are at conflict with the emergent view that spatio-temporally complex slip behavior, with features sometimes described as self-organized criticality, is a generic outcome of mechanical fault models. Just the opposite occurs here; the generic result of actual solutions of the governing equations, rather than of an oversized cell approximation to them, is simple limit cycles of repeated large earthquakes. The stress concentration at the front of a spreading zone of slip, when not masked by the use of oversized cells, seems to be too compelling for an earthquake rupture to stop until it has spread entirely over the fault plane.
The results here raise concerns about conclusions on spatio-temporal complexity drawn on the basis of fault models with ad hoc discretizations, whether into an array of spring-connected rigid blocks or as a cellular automata. Such models as discussed earlier may be said to be inherently discrete, in that they do not have a well-defined continuum limit. That is because the models have adopted friction laws equivalent to setting L = 0, i.e., to pure velocity weakening or its simplified form as distinct static and kinetic friction but without attributes such as slip weakening, displacementdependent state transition, or fracture energy. Thus the critical cell size h* = 0 for those models, and by having discarded the short-wavelength constitutive behavior, they fail to predict the transition of slip response documented here when discrete element size is reduced below h*.
Spatio-temporally complex slip, with self-similar distributions of small (compared to overall system size) events, does seem to be a generic feature of those inherently discrete models which do not have a continuum limit.
An unresolved issue in the present study is that of whether a more precise treatment of elastodynamics during instabilities would qualitatively change the results. Such must be considered because the wave-mediated arrest of a dynamic slip event may leave a heterogeneous distribution of residual static stress on the ruptured surface. It is possible that such heterogeneity, if strong enough, could affect the nucleation and arrest locations of subsequent ruptures and could be a mechanism for sustaining permanently complex seismic behavior, showing a spectrum of event sizes. Recent numerical simulations of spontaneous faulting in an elastic continuum by Madariaga and Cochard [1992] The dynamic interrelation between the stress and slip histories are fundamentally different for systems with concentrated mass along the fault than for faults embedded in a continuum, dynamic overshoot effects are greatly overemphasized by the lack of energy radiation into an adjoining continuum, and the simple stress interactions of the B-K model do not concentrate stress ahead of a rupture in a manner that scales the stress concentration with rupture size, like for cracks embedded in a surrounding elastic continuum, so that larger ruptures do not properly become increasingly difficult to stop. It also remains unknown as to how much the dynamics of the B-K class of models would be influenced by use of friction laws with a nonzero L, with the block spacing sufficiently reduced in size relative to a distance analogous to h* for the B-K model, so as to simulate a continuum limit. The inclusion of even an arbitrarily small but nonzero fracture energy, as would be associated with nonzero L, in the continuum version of the B-K model is known to rule out supersonic rupture propagation that is sometimes otherwise allowed by the model. It seems that the models with arrays of identical springconnected blocks or cells were proposed with the intention of modeling a uniform fault and that it was tacitly assumed that no essential feature of the physics was lost either in the discretization of an a priori conceptual model into cells or spring-connected blocks or in the neglect of slip-weakening response features involving a finite L. The present results raise the possibility that if those models were reformulated with a nonzero L and if the cell size or block spacing were continuously reduced in size, with element-to-element stress interactions chosen to be faithful to the response of a fault in an elastic continuum (and if continuum rather than concentrated mass Newtonian dynamics were simulated in the dynamical models), then qualitatively different results might emerge, lacking the spatio-temporal complexity that has been reported.
Thus a tentative conclusion suggested, but not proven, by the present results is that spatio-temporally complex slip. resembling earthquake processes, will not emerge from physically justifiable modeling of the nonlinear dynamics of frictional slip on a geometrically smooth fault surface. It is suggested that consideration of the geometric disorder of fault zones, including distinct fault segments which join at bends or offsets and can arrest ruptures [Bakun, 1980 Results shown here that are based on oversized cells, relative to h*, seem to be a better mirror of observed slip complexity than are those corresponding to a grid that is sufficiently refined to be approaching the continuum limit, that is, to a grid which allows one to actually solve the mathematical problem posed. The critical feature may be that such oversized cells can fail independently of one another. In this respect, adjacent oversized cells may provide a crude model of adjacent fault segments which can fail independently of one another due to difficulties of transmitting unstable slip rupture across geometric complexities where such segments join. The proper understanding of spatio-temporally complex slip may then lie in clarifying the interaction of slip-weakening sensitive features of fault zone response, having a characteristic scale length proportional to Lix/(B -A) (i.e., to h*), with geometric disorder. Based on the various results for oversized cells presented here, it seems likely that geometric disorder of a fault zone at scales larger than h* will cause its dynamics at those scales to mimic the dynamics of an inherently discrete system and hence to show the spatio-temporally complex slip that seems to be genetic to such systems.
An open question is that of whether continued geometric disorder at yet larger scales is necessary for complex slip at those larger scales. That seems not to be necessary in the simple cellular automata models, including quasi-static implementations of the B-K model on a 2-D fault surface, in that one cell size suffices to give complex failure over all sizes. Such might occur only because the simple models are unphysical in failing to scale the stress concentration at the edge of a slipping zone with the size of that zone, as required by elasticity theory.
Additional evidence that slip complexity and geometric disorder are related comes from Wesnousky [1988, 1990] . He shows that seismic productivity of fault zones (in generating many small earthquakes) and geometric disorder as measured by stepovers along fault traces are strongly correlated with one another. By studying five distinct faults in southern California, including the San Andreas and NewportInglewood faults, as well as the Calaveras fault in central California and the North Anatolian fault in Turkey, he shows that geometric disorder of a fault zone diminishes with cumulative slip over its geological history. The NewportInglewood and San Andreas faults are at the extremes of his data set and differ by a factor of about 50 in disorder as measured by either the number of stepovers of the fault trace in excess of 1 km per unit length along strike or the cumulative sum of absolute stepover distances per unit length along strike. In a study involving only the southern California faults, Wesnousky [1990] also shows that the seismic productivity of a fault zone is a similar diminishing function of cumulative geological slip. The productivity is defined as the number of events with magnitude above 3.0 per unit length of fault, divided by the long-term slip rate of the fault for normalization. For this quantity the NewportInglewood and San Andreas faults are again at the extremes of his data set; with its high geometric disorder as measured by stepovers, the less slipped Newport-Inglewood fault is about 100 times more productive seismically than is the highly slipped and geometrically less disordered San Andreas fault. Finally, if the ratio Vi t+ at/V[ passes outside certain limits, taken as 1/2 < Vi t+at/V[ < 2 in the cases shown, the At that had been chosen is replaced by half its value and the conjugate gradient solution process starts anew for that reduced At. This situation seldom happens, and, indeed, the procedure to estimate an allowable time step was devised to avoid it.
